This paper describes a specific protocol for yielding and regenerating protoplasts from spores of the recently described powdery mildew biocontrol agent Pseudozyma flocculosa. With this protocol, a large quantity of protoplasts was obtained from L-mercaptoethanolpretreated spores in 3-day-old cultures of P. flocculosa grown in YMPD. Enzymatic digestion was optimal with 0.5% Novozym 234 and 5% Glucanex prepared in 0.6 M KCl in 0.1 M citrate buffer. All liberated protoplasts fluoresced in the presence of fluorescein diacetate indicating that viability was nearly 100%. The regeneration rate was equally outstanding reaching 75% when 0.8 M sucrose was used as osmotic stabilizer in the regeneration medium. This protocol will find useful applications in genetic studies of this poorly characterized and understood biocontrol agent. ß
Introduction
Pseudozyma £occulosa (Traquair, L.A. ShawpJarvis) Boekhout and Traquair is an epiphytic fungus which has been reported in several studies to be a very e¡ective antagonist of powdery mildew fungi [1^4] . Its mode of action is believed to be antibiosis and in recent years, three fatty acids with antifungal activity have been isolated and puri¢ed from culture ¢ltrates of the fungus [5^7].
When P. £occulosa was ¢rst isolated, it was described as a yeast-like fungus in the Endomycetaceae, Stephanoascus £occulosus Traquair, L.A. ShawpJarvis (anamorph: Sporothrix £occulosa Traquair, L.A. ShawpJarvis) [8] . However, it was later rede¢ned as a basidiomycetous yeast related to anamorphs of Ustilaginales belonging to the species Pseudozyma Bandoni emend. Boekhout [9] . It was given the name Pseudozyma £occulosa ( = Sporothrix £occulosa Traquair, ShawpJarvis). Because of this confusion in taxonomy and the recent reclassi¢cation, very little is known about this fungus. Accordingly, its interesting biocontrol potential and its unexploited and unknown genetic background make P. £occulosa a prime candidate for genetic, molecular and transformation studies. On the other hand, species of the small genus group Pseudozyma have never been the subject of advanced molecular studies, because basic references on how to manipulate fungi within this genus cannot be found. Consequently, the objectives of this study were to develop an e¤cient and reproducible protocol for protoplast production and regeneration from conidia of P. £occulosa with the ultimate purpose of making this fungal species amenable to genetic studies and transformation.
Materials and methods
2.1. Fungal material and preparation of spores P. £occulosa labelled as strain SF-1 from our culture collection was used throughout the study. Stock cultures were maintained in slant tubes at 4³C on yeast malt potato dextrose agar (YMPDA), containing yeast extract (3 g l 31 ), malt extract (3 g l 31 ), peptone (5 g l 31 ), dextrose (10 g l 31 ) and bacto-agar (15 g l 31 ) (Difco Laboratories, Detroit, MI, USA).
Stock cultures were transferred onto Petri dishes containing YMPDA and allowed to develop for 5 days at 25³C. Three agar blocks (8 mm) were then obtained from the margins of actively growing colonies and inoculated into a 500-ml Erlenmeyer £ask containing 100 ml of YMPD broth. Cultures were maintained on a rotary shaker at 150 rpm at room temperature for 3 days until a density of ca. 10 9 spores was reached.
Enzymatic digestion of spores
A variety of lysing enzymes reported in previous studies to yield fungal protoplasts [10] were tested at di¡erent concentrations and in di¡erent combinations (see Table  1 ). The selected enzymes were: driselase (2%, from basidiomycetes); lysing enzymes (5%, from Rhizoctonia solani); Novozym 234 (0.5%, from Trichoderma harzianum); Glucanex (5%); and L-glucuronidase (5%, from Helix pomatia). All enzymes were obtained from Sigma Chemicals Co. (Toronto, Ont., Canada) with the exception of Glucanex which was purchased from Novo Nordisk Ferment Ltd. (Dittingen, Switzerland). For the purpose of the initial evaluation of the enzymes, 0.6 M mannitol was used as osmotic stabilizer as suggested by Richards [11] .
Osmotic stabilizers and other factors
Several compounds, used in a wide spectrum of concentrations, have been proposed as osmotic stabilizers for fungal protoplast isolation and regeneration [12] . Based on the published literature, we selected KCl, MgSO 4 , sorbitol, mannitol, glucose and sucrose, which were all tested at concentrations of 0.4, 0.6, 0.8 and 1.0 M in order to determine the most suitable osmoticum. All chemicals were obtained from Sigma Chemicals Co. (Toronto, Ont., Canada). The osmotic stabilizers and their di¡erent concentrations were tested using the optimal concentration of enzymes determined in Section 2.2.
Additional parameters such as the age of spores, lytic bu¡er and pH, incubation time and temperature with enzyme were tested throughout the experiment.
Protoplast preparation
Spores (ca. 10 9 ml 31 ), prepared as described above, were centrifuged at 5000 rpm for 5 min at 4³C (Rotor SS-34 Sorvall RC-5C, Dupont Co., DE, USA). They were suspended in 20 ml of a solution of 25 mM L-mercaptoethanol and 5 mM Na 2 EDTA pH 8.0 under gentle shaking for 20 min at room temperature [13] . The treated spores were collected by centrifugation for 5 min at 5000 rpm and pellets were resuspended and incubated for 2 h at 25³C in di¡erent enzyme solutions prepared in osmotic stabilizer in sodium citrate bu¡er (0.1 M sodium citrate, 0.01 M EDTA, pH 5.8). The protoplasts were then puri¢ed by ¢ltration through a small mass of cotton (about 2 cm 3 ), and harvested by centrifugation at 5000 rpm for 15 min at 4³C. The resulting pellets were washed twice with an osmoticum. The number of protoplasts for each treatment was determined using a hemocytometer.
Viability assessment of protoplasts
Protoplast viability was assessed with £uorescein diacetate [11] . Fluorescein diacetate was stored in an acetone stock solution (5 mg ml 31 ) at 0³C, and added to the protoplast suspension to give a ¢nal concentration of 0.010 .1%. After 5 min at room temperature, the protoplasts were examined for £uorescence using an Olympus BH-2 microscope (Medical and Scienti¢c Co. Ltd., Markham, Ont., Canada).
Protoplast regeneration
YMPDA containing di¡erent concentrations of osmotic agents, such as KCl, sucrose, glucose, sorbitol and mannitol, was used as regeneration medium. The protoplast solution obtained as described above was diluted to give a concentration of 10 3 protoplasts ml 31 and 50 Wl of the suspension was overlaid onto the surface of the regeneration medium to compare the e¡ects of osmotic stabilizers on the regeneration frequency of P. £occulosa protoplasts. YMPDA without added osmoticum was used as control. Protoplasts were incubated at 25³C for 3^4 days and regenerated protoplasts were counted as individual colonies on the Petri dishes.
Results

Enzymatic digestion of spores
Of the ¢ve commercial enzymes tested, Novozym 234, used at a concentration of 0.5%, was the most e¤cient exceeding by nearly 80% the next best yield obtained with Glucanex (5%) ( Table 1) . However, when the latter Table 1 Protoplast release from spores of P. £occulosa under di¡erent enzymatic treatments two were used together, protoplast yield was maximal reaching more than 1.5 times what was obtained with Novozym alone. Incidentally, all enzymes, except for Lglucuronidase, improved protoplast yield when mixed with Novozym 234 (0.5%). Driselase and lysing enzymes on their own yielded very few protoplasts while L-glucuronidase, alone or in combination, was completely ine¤-cient for protoplast formation (Table 1) . On the basis of these results, the mixture of 0.5% Novozym 234 and 5% Glucanex was chosen for the subsequent experiments.
Osmotic stabilizers and other factors
In a ¢rst step, the optimal concentration or molarity of osmotic stabilizers for each stabilizer was determined. The results indicated that out of 0.4, 0.6, 0.8, and 1.0 M, an osmotic pressure of 0.6 M was the most suitable for maintaining the protoplasts (data not shown). At this concen- tration, all osmotic stabilizers tested yielded protoplasts, but KCl was by far the most e¡ective (Table 2) .
Based on the results of the other factors tested (data not shown), it was established that under the following conditions, the conversion rate of spores to protoplasts was nearly 100%: 3-day-old spores, treated with a mixture of 0.5% Novozym 234 and 5% Glucanex prepared in KCE (0.6 M KCl, 0.1 M sodium citrate and 0.01 M EDTA, pH 5.8) for 2 h at 25³C.
Viability assessment of protoplasts
The obtained protoplasts were treated with £uorescein diacetate and observed by phase contrast microscopy ( Fig.  1A) and then by £uorescence microscopy (Fig. 1B) . By superimposing these images, it appeared that all protoplasts were viable based on their absorption of £uorescein diacetate.
Protoplast regeneration
Protoplast regeneration was examined on YMPDA medium containing di¡erent osmotic stabilizers. Of all the combinations tested, results showed that 0.8 M sucrose was the most e¤cient amendment, with ca. 75% of the protoplasts forming colonies after 48 h (Fig. 2) . When 0.8 M KCl was used as the osmoticum, the regeneration frequency was also high, but colony formation was slower. On all the other amended media (including the unamended YMPDA), protoplast regeneration was either very limited or completely absent (Fig. 2) .
Discussion
Protoplasts are an important biological tool in both classical and molecular genetics. Their applications are numerous and their usefulness is based on the assumption that they are physiologically normal, retaining all the properties of the intact cell from which they are derived. Currently, most laboratories engaged in fungal genetics are using gene manipulation procedures based on protoplasts. For this reason, it is extremely important that an e¤cient and reproducible protoplast protocol be developed for the fungus or fungi under study. In the case of P. £occulosa, one can easily envision the potential of protoplasts for its study. It is a newly identi¢ed fungus and its biocontrol properties make it highly exploitable. However, to our knowledge, no protoplast systems have ever been developed for the genus Pseudozyma, let alone £occulosa, or even within closely related phylogenetic groups such as Tilletiopsis.
Although the literature describes several recipes for obtaining protoplasts from di¡erent fungal species, and the availability of several commercial enzymes has facilitated the release of protoplasts, each fungus or fungal group will usually require its own speci¢c conditions [12] . In this paper, we studied the conditions of protoplasting for P. £occulosa by taking a step-by-step approach in which most of the parameters described to be important in protoplast production [14] were systematically tested. This way we were able to de¢ne a method that yields a high level of protoplasts from spores of P. £occulosa with a 75% regeneration rate.
P. £occulosa has a very limited vegetative development which leaves mycelial strands devoid of cytoplasmic content as it grows to form spores (conidia) [9] . Therefore, the preparation of protoplasts required the use of spores as starting material. Because the components of the spore cell wall are more complex than those of the mycelium, it is usually preferable to pretreat the spores before they are subjected to enzymatic digestion [11] . For this purpose, thiol reagents such as L-mercaptoethanol [13] or dithiothreitol [11] have been used to make the cell wall more accessible to enzyme treatment. For P. £occulosa, we found that L-mercaptoethanol (¢nal concentration 110 mM) in 5 mM EDTA, pH 8.0 was more e¤cient than dithiothreitol.
Hydrolytic enzymes play a key role in protoplast isolation. Nowadays, scientists have the opportunity to select from a diverse variety of commercially available enzymes. Among these, Novozym 234, which has been reported to be active against a wide range of fungal species [15] , was found to work better compared to the other enzymes selected for this study. Driselase, primarily tested here on the basis of its low price, was reported to be the most active to release protoplasts from Fusarium graminearum [10] . However, it was not e¤cient in this study. As in a previous report [16] , our experiments also showed that the enzymes were more e¡ective when used as mixtures rather than individually.
The osmotic stabilizer is another important component to consider with the choice of the lytic enzymes. Since the cell wall composition varies among species, it is safe to assume that di¡erent osmotica at di¡erent concentrations will be optimal for each species. The range of inorganic salts, sugars and sugar alcohols that can be used as osmotic stabilizers for fungal protoplasts has been described by Davis [14] . To date, there has been no rational explanation for the superiority of one component over another. However, there is a general assumption that inorganic salts are more e¡ective with ¢lamentous fungi, and sugar and sugar alcohols with yeasts and higher plants [12] . In this study, KCl was found to be the best osmotic stabilizer for P. £occulosa, a result which tends to contradict the previous assumption based on the taxonomy of the fungus.
Protoplast viability was assessed both by microscopic observations with £uorescein diacetate and by direct regeneration in an osmotically stabilized medium. In either case, the results were astonishingly high with nearly 100% viability rate based on £uorescence and a 75% regenera-tion rate in YMPDA medium containing 0.8 M sucrose. As a matter of fact, Peberdy [17] reported that frequency of regeneration of fungal protoplasts ranged from less than 0.1% up to 50% in various fungi. More recent reports have not exceeded this range which classi¢es these results as the highest protoplast regeneration rate ever reported for a fungus. We have routinely repeated this result which rules out the possibility of an`aberration'. Therefore we can only speculate whether this high regeneration rate is attributable to the conditions described for this protocol, or to the fact that P. £occulosa is particularly amenable to protoplast manipulation and regeneration. Additional studies implementing this protocol with closely and remotely related fungi would answer this question.
In conclusion, this paper describes for the ¢rst time a very e¤cient protocol for the preparation of protoplasts from spores of P. £occulosa. These results could ¢nd practical applications in future genetic studies with closely related fungi or even with fungi that have so far proven refractory to protoplast manipulation. In the case of P. £occulosa, they will ¢nd immediate application in taxonomic and molecular studies and more importantly in studies aimed at understanding its biocontrol properties.
